SUMMARY Activity in human unmyelinated efferent nerve fibres was recorded from seven upper limb cutaneous nerve fascicles. The activity induced by contralateral nerve trunk stimulation or tone burst was averaged and could be compared providing the stimuli were delivered at random times and in a random sequence. The average evoked sympathetic nerve responses to nerve trunk stimulation and tone burst were identical in latency and duration.
During the last decade microneuronography, a technique for recording from single and small numbers of myelinated and unmyelinated nerve fibres in conscious man, has been used to determine the characteristics of activity in sympathetic post-ganglionic nerve fibres innervating skin structures. This nerve activity consists of vasoconstrictor and sudomotor impulses involved in thermoregulation.'-' One of the most prominent characteristics of skin sympathetic nerve activity is the ease with which a burst of impulses can be produced by an arousal stimulus. The dependence of skin sympathetic nerve activity on the state of alertness of the subject is so strong that sudden noise and mental stress are routinely used in the characterisation of nerve activity recorded microneuronographically. Indeed, this stimulus-response relationship has often provided the evidence that a recording comes from a new fascicle that predominantly innervates skin. In microneuronographic studies the arousal response has also been used in the characterisation of the relationships between nerve activity and skin effector organs,3 the determination of sympathetic reflex latencies,' the changes in skin sympathetic nerve activity in spinal man,6 and in ascertaining the afferent or efferent nature of single unmyelinated fibres. 7 Although the skin sympathetic responses to arousal stimuli have been used widely, they have also been described as being ephemeral, prone to adaptation and dominated by the novelty of any stimulus situation.' This variation in the sympathetic responses to arousal has not interfered with the determination of the average latency of the skin sympathetic response to an electrical shock.5 These latencies can vary considerably but once averaged are virtually identical between different recordings in the same individual. There has been no attempt to determine any other consistent properties of the skin sympathetic nerve responses to electric stimuli nor have these responses been systematically compared with skin sympathetic responses produced by a variety of other stimuli. The proposition that the skin sympathetic responses to noise, mental stress and respiratory movement are identical to the responses from electrical stimulation has not been systematically examined. ' The aims of the present study were to determine the characteristics of evoked skin sympathetic nerve responses using averaging techniques and to test the hypothesis that the skin sympathetic nerve responses to nerve trunk stimulation and noise are identical.
Methods
One of us (PS, aged 36-37 years) was both the microneuronographer and subject in all 12 recording sessions. The skin fascicles were in the left ulnar nerve five times, left median nerve at the elbow and right median nerve at the wrist twice and in the right ulnar, left median nerve at the wrist and the right median nerve at the elbow. All ulnar fascicles were recorded at the wrist. Skin sympathetic nerve recordings that were stable for longer than an hour were obtained on seven occasions.
Recording equipment Insulated tungsten electrodes, with uninsulated tips were used for nerve recording. A reference electrode, a used recording needle that had been sterilised, was inserted subcutaneously 2-3 cm from the recording site. The electrodes were connected to a differential preamplifier8 which had a gain of 1000. This was connected via an optical isolator unit to an AA6Mk3 Biological Amplifier in a Medelec MS6 System (Filter settings 800-3200 Hz). An Experimental procedure Once stable skin sympathetic nerve recordings were obtained a variety of experimental protocols were followed. In a few initial studies electrical stimuli were delivered to the contralateral nerve trunk at fixed interstimulus intervals. Nerve trunks were stimulated with an isolated stimulator (NS6) and stimulus levels were 2-3 times the sensory threshold. In the majority of studies the electric stimuli were delivered randomly in time, the subject being blindfolded and aurally isolated. In some studies the skin sympathetic responses to auditory tone bursts were recorded. Tone bursts were produced by a Digitimer 4030 (TTL pulses, 700 Hz for 250ms) and were delivered randomly in time to the blindfolded subject via headphones. The intensity of the tone burst was 96dBA per ear (Briiel & Kjaer Audio Frequency Spectrometer). A comparison of the evoked sympathetic responses to different stimuli (skin shock v tone burst) was only carried out when the different stimuli were delivered in the one recording session. Each type of stimulus was delivered randomly in time and the choice of stimulus was also random.
Analysis
Marker pulses were recorded when electrical stimuli were given. The polarity of the marker pulse was used to distinguish different stimuli. The mean voltage neurogram of the skin sympathetic nerve activity was fed into an averager (Datalab DL4000B) which was triggered by the marker pulse. The average of 16 responses was identical to the average of a large number of responses (80). Three seconds of neurogram was averaged after each marker pulse. The resolution was 0 7 ms per point.
Results
General characteristics Spontaneous nerve activity was of sympathetic origin Satchell, Seers as it satisfied criteria detailed previously.' 2 It was not possible to carry out the procedures of local blockade, to prove the efferent nature of the nerve activity, and duplicate recordings, to verify that the conduction velocity of bursts was in the unmyelinated range, because of the constraints of the recording situation. However, the pattern and temporal profile of the nerve activity (fig 1) suggested that it was identical to the skin sympathetic nerve activity recorded by others.' 2 A variety of stimuli, namely peripheral nerve trunk stimulation, skin stimulation, respiratory movement and auditory tone bursts could produce bursts of skin sympathetic nerve activity. These responses were of variable duration, amplitude and pattern ( fig 2) . As observed by others, an important determinant of the pattern of the response is the frequency of stimuli. Interstimulus intervals less than the duration of the responses resulted in great variation in the pattern of the responses. In this situation, many stimuli were not followed by responses (fig 3) . In contrast, virtually all stimuli, if given infrequently enough, were followed by responses (figs 1 and 3).
A veraging ofevoked skin sympathetic responses The constant latency from the stimulus to the onset of successive average responses suggested that it was permissible to average evoked sympathetic responses. A recording in which nerve trunk stimulation to the contralateral nerve was given every 5 seconds (fig 4) was divided into successive batches each containing 16 evoked responses. The latency to the onset and the duration of successive average responses appeared identical (fig 4) . In addition, average responses that were useful required that the recordings used for analysis were much longer than any random fluctuations that might have occurred in skin sympathetic discharges.10 The periodicities of all the fluctuations in 0 1017 these discharges are unknown. The respiratory related periodicities in skin sympathetic activity were very much less than the duration of the seven recordings used in the analysis.
The design of the experiment was open to criticism because the patterned nature of the stimuli resulted in anticipatory changes in the level of arousal even with the subject visually and aurally isolated. Hence, stimuli were given randomly in time, the state of arousal being maintained by the rare coupling of a stimulus with the simultaneous delivery of a painful electric shock to the forehead. The evoked response which occurred when forehead shock was combined with another stimulus was not included in any average. Responses evoked by stimuli which were given randomly were checked for constant latencies by comparing the averages of the first and last 16 responses of a recording. The interstimulus interval for randomly given stimuli ranged from 1-5 to 26 (mean, 14) seconds and the responses to stimuli in which the previous interstimulus interval was less than 5 seconds were not included in an average. It appeared that the amplitude of successive averages remained more constant with random rather than with patterned stimuli.
Nerve trunk stimulation The averaged evoked skin sympathetic response to the stimulation of the contralateral peripheral nerve at stimulus levels two to three times the sensory threshold was obtained on six occasions. Recordings were obtained from the median and ulnar nerve at both wrists and in two of the six averages stimuli were not given randomly ( fig 5) . As differences in amplitude of average responses have no meaning for between recording session comparisons, the maximum amplitudes were normalised. At different recording 6) . In some responses latency was difficult to measure because of the difficulty of identifying the take off of the response. The time to the half amplitude point was measured. The latency (50%) ranged from 700 to 870ms (mean, 780; SD 70). The latency (50%) for a single recording from the median nerve at the elbow was 550 ms, the difference between this and the mean latency to the wrist being greater than three standard deviations of the mean latency at the wrist (fig 6) . The distance between these recording sites was 220 mm which gave an approximate velocity of the fastest components of the evoked sympathetic response of 0-96 m/s.
When the different averages obtained at the wrists were compared, the reproducibility of the onset of the responses was greater than that of the later components ( fig 5) . Both monophasic and biphasic responses were obtained and all responses appeared complete within 2 seconds. Median and ulnar responses exhibited both mono and biphasic shapes.
Nerve trunk stimulation versus tone burst The hypothesis that skin sympathetic responses to nerve trunk stimulation and noise are identical was tested by comparing the average evoked responses in a situation where both stimuli were delivered at random times in a random sequence. When the responses were compared, they were similar as far as latency, duration and shape were concerned (fig 7) . The amplitude of the response to auditory tone bursts appeared to be less. A similar result was obtained when the responses to an auditory tone burst and skin stimulation (subcutaneous needles 2 to 3 cm apart; 1OHz for 300 ms; 25V; 1 ms) were compared. It was concluded that the responses of skin sympathetic nerves to arousal stimuli of different types were temporally the same.
Discussion
The present study demonstrated that a variety of arousal stimuli produced a similar temporal activation of skin sympathetic nerve fibres. Comparisons of this type were carried out under particular experimental conditions, the essential features of which were control of the arousal state of the subject, the random delivery of stimuli both in time and of type, and the necessity for using long interstimulus intervals. In establishing the legitimacy of averaging evoked skin sympathetic responses, the present study has shown that arousal induced responses have reproducible durations as well as latencies and that the shape and amplitude of arousal responses are the parameters that predominantly vary between recordings in a single subject.
The nerve activity recorded in the present study was impulses in sudomotor and vasomotor unmyelinated fibres. It has been considered sufficient in recent studies to rely solely on the characteristics of the discharge pattern rather than use local blockade and double nerve recordings to prove the unmyelinated efferent nature of the nerve fibres. present study suggested that recordings were obtained from unmyelinated efferent fibres. Individual bursts of skin sympathetic nerve activity in response to nerve trunk stimulation or to a tone burst were identical to those described in previous work.1 3 -5 11 1020
Although the results in the present study were only obtained in a single subject, the conclusions reached about the methods that should be employed to obtain averages of evoked sympathetic responses, the properties of such averages and the factors affecting these responses were of general relevance. Some of the features of these methods, namely the importance of random stimuli and long interstimulus intervals have been noted as being essential prerequisites for quantifying peripheral autonomic surface potentials in man. 2 In this discussion, it is worthwhile considering the latency, amplitude, pattern, duration and post response period of the evoked sympathetic response as distinct entities.
A variation in latency with subject height and extremity length has been described before.5 When allowances were made for these influences and the fact that recordings were obtained at the wrist rather than at the elbow, the average latency and the range of latencies within a particular recording session were very similar in the present and previous study. How Satchell, Seers could have caused the latency variations. These differences would be enhanced by the length of postganglionic axons and their relatively slow velocities.
Factors which caused variation in the pattern and amplitude of the responses would have included all those that affected the latency of the responses. As it is likely that the proportion of sudomotor to vasomotor activity was not constant because of changing environmental conditions, variations in the pattern of the average evoked response was not surprising. While all of these factors probably affected the amplitude of the average responses other technical factors were probably more important. Signal size in a microneuronographic recording depends upon a variety of factors some of which are unrelated to the amount of activity in sympathetic postganglionic fibres; these are related to the electrode impedance in situ and the position of the electrode tip in relation to the fibres of interest. Further, a noise reducing circuit is used routinely in these recordings and its setting critically affects signal and average response amplitude. Thus, amplitude comparisons normally have little meaning. It would appear that the only time the amplitudes of arousal responses could be compared, was when two stimuli were given in the one recording session. Even comparisons of the amplitudes of averages between successive recording sessions would seem to be inadvisable.
The present study demonstrated that the duration of an averaged evoked response was about 1500ms. In some averaged responses it appeared as if there was a period immediately after the response when some inhibition of background activity may have occurred (fig 7) . This observation would be consistent with the suppression of skin sympathetic activity that has been observed in this situation during the rare recordings of activity in a single or a few sympathetic efferent fibres.7 In some responses, but not all, the nadir of the average corresponded to a period when the variance of the average was least.
The demonstration in the present study that a variety of arousal stimuli produce a similar temporal activation of skin sympathetic nerve fibres confirms the preliminary observations made by others.' 2 The precision concerning onset and duration of arousal induced responses that is provided by the microneuronographic technique might not be sufficient to detect the small difference in the afferent transmission times between nerve trunk stimulation and tone bursts. The central processing of these stimuli and their afferent conduction times take up only about 15 to 20% of the total latency period when skin sympathetic recordings are obtained at the wrist. Thus, it will be difficult to make any observation on interacting inputs onto sympathetic premotor neurons with the present method.
